We describe and discuss the optical design of a diffractometer to carry out in-line quality control during roll-to-roll nanoimprinting. The tool measures diffractograms in reflection geometry, through an aspheric lens to gain fast, non-invasive information of any changes to the critical dimensions of target grating structures. A stepwise tapered linear grating with constant period was fabricated in order to detect the variation in grating linewidth through diffractometry. The minimum feature change detected was ∼40 nm to a precision of 10 nm. The diffractometer was then integrated with a roll-to-roll UV assisted nanoimprint lithography machine to gain dynamic measurements in situ. © 2018 Author ( 
s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/)
. https://doi.org/10.1063/1.5011740
The critical dimensions of nanostructures are routinely obtained by means of powerful imaging techniques such as scanning electron microscopy (SEM) 1 and atomic force microscopy (AFM). 2, 3 Advanced nanofabrication technology has moved toward high-throughput, large area, and scalable nanoimprinting such as UV/thermal nanoimprint lithographies (NIL) and injection moulding systems. 4 The traditional imaging techniques mentioned above, while powerful and effective, have not been able to keep in line with these advances. Both are time consuming and require ex situ measurements as they cannot be directly integrated with the nanoimprinting production line. With current trends now moving toward roll-to-roll imprinting, there is an ever growing need for a fast, noninvasive method for performing critical dimension (CD) metrology which can be integrated into a roll-to-roll system. [5] [6] [7] [8] [9] Such a device(s) would ideally provide real-time information of film thickness and grating critical dimensions for the quality control of the nanoimprint process and rapid feedback optimisation.
An optical inspection technique is one possibility for implementing rapid measurement/ inspection in roll-to-roll systems. Simple techniques such as reflection, absorption, fluorescence, and Raman spectroscopy have already been integrated into such systems for determining film thicknesses. 10 Spectroscopic techniques are especially powerful as they can provide insight into the chemical composition of a film such as ellipsometry, which is able to determine the optical constants of monolayer deposits and even provide structural information. [11] [12] [13] Scatterometric techniques are sensitive to sub-wavelength features, for example, dynamic light scattering and x-ray scattering are used to determine the shape and size of nanoparticles suspended in a liquid. 14 Scatterometry is routinely used in the semiconductor industry in the characterisation of structured surfaces, whereby the zeroth order diffraction (reflected or transmitted beams) of light is monitored as a function of wavelength or angle of incidence. 15, 16 Changes in the height, width, or any other CD feature of a periodic structure alters the amplitudes of the grating's Fourier coefficients, modifying the diffraction efficiency (DE) of the device. The dependency of the DE on input parameters (e.g., wavelength) can be used to determine the CDs of an inspected structure by model-assisted, inverse problem solving. 17 Diffractometry is a subset of spatially coherent scatterometry which monitors all diffractive orders simultaneously. Similarly, there needs to be a model-assisted method whereby the relative intensities of the diffractive orders would be compared to a library of simulated data. Coherent scatterometry has great potential for detecting deviations in the critical dimensions of nanostructures [19] [20] [21] and in some cases has been shown to be more sensitive than incoherent scatterometry. 22, 23 Techniques such as coherent Fourier scatterometry usually require a high NA microscope objective. This can create some practical problems as prior knowledge of the incident electric field is required for the simulation library, and this is very sensitive to the optical alignment and aberrations in the system. 16, 24, 25 Here we present a simple diffractometer for collecting multiple spatial diffraction patterns (diffractograms) from periodic nanostructures using an aspheric lens to reduce the aforementioned aberration effects and relax the sensitivity on the alignment of the coherent scatterometry system. Diffractograms were collected from both a rigid silicon master grating and from a transparent, flexible polydimethylsiloxane (PDMS) stamp moulded from the master structure. Deviations as small as ∼40 nm showed a clear change in the intensities of the diffraction peaks, demonstrating its use as a monitoring tool. A 2D model using an in-house developed finite-difference frequency-domain (FDFD) code was used to generate far-field diffraction patterns which were compared with measured diffraction patterns from SEM characterised substrates to calibrate the diffractometry for linewidth metrology. The device was then integrated directly into a roll-to-roll UV assisted nanoimprint lithography setup to monitor real-time deviations of the linewidth of the soft PDMS stamp (negative copy of the silicon master stamp). The diffractometer, as shown in Fig. 1 , is made up of a collimated He-Ne laser source which is subsequently telescoped down to a spot size of ∼100 µm using a circular lens (L1) and an aspheric lens (L2). The beam is directed onto a microstructured sample placed in the focal plane of the aspheric lens (L2). Figure 1 (b) specifically shows the ray pathways of the collection arm of the system, highlighting the reflected 0th diffractive order mode from the sample. Off-axis beams from higher order diffraction are also collected by the system such that the full diffraction pattern is reconstructed at the Fourier plane to the sample (as depicted). A beam splitter is used to image the reflected diffraction pattern onto the CCD using a projection lens, L3. Additional beam splitters can be installed in the collection line to allow for real-space imaging, for simultaneous diffractometry and microscopy for multi-scale defect detection.
A silicon master structure was fabricated using electron beam lithography. The master structure consisted of an 80 mm long grating with a period of 6 µm. The grating ridges were fabricated with a tapered width along the length of the master, ranging from 320 nm to 470 nm in steps of 40-50 nm. After this, a large area, 3 mm thick PDMS stamp was cast from the silicon master structure to create an inverse "daughter" copy of the master structure. The PDMS was cured at 80 • C (using a 10:1 precursor:photo-initiator ratio) over 4 h. 26 The silicon master was placed in the diffractometer, capturing the diffractogram for each grating region. Figure 2(a) shows an example diffractogram collected from the grating area with 470 nm linewidth. Below in Fig. 2(b) is shown the projected pixel intensities from the diffractogram to produce a 1D diffraction pattern for easy analysis. The 4th order diffraction in Fig. 2(b) was observed to be the most intense peak; it was chosen to be monitored when scanning the critical dimension changes of the grating, having the greatest signal-to-noise ratio. 
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Figures 3(a)-3(d)
show SEM images of the four regions of the fabricated silicon master structure. Figure 3 (e) shows a plot of the beam intensity of the 4th order diffraction peak (fitted to a Lorentzian distribution) with varying linewidth of the silicon master (black) and the PDMS daughter stamp (blue). Each point represents the averaged intensity of four measurement locations with the standard deviation shown. Aside from the offset, the intensity of the diffraction peaks followed a very similar trend with changing linewidths, despite being a transparent copy of the master structure, indicating good pattern transfer. A 2D FDFD model was built for both the silicon ridges and PDMS trenches (the inverse structure to the master) with Floquet periodic boundary conditions. The input wavelength and structural pitch in the model were fixed at 633 nm and 6 µm, respectively, as they have negligible relative error, and the sidewall angle was assumed to be 90 • . The FDFD simulation was run parametrically over the height of the structures, angle of incidence, corner radius of curvature, and the four different linewidths from the SEM measurements. Each parametric run would record the near-field data, repeat it for 20 periods, and project it into the far field using an equivalence principle transformation; the resulting diffraction peak information of which was stored. The simulated 4th order diffraction peak trend was compared to the measured values in Fig. 3 (e) using a χ 2 minimisation technique to determine the height, angle of incidence, and radius of curvature of the Si and PDMS structures ( χ 2 = i (measured i − simulated i ) 2 /simulated i ). The measurement data was allowed to vary by up to two standard deviations to gain good statistics of the determined parameters (see Fig. S1 in the supplementary material). These parameters were then used to generate finer calibration curves to relate 4th order diffractive intensity to linewidth shown as the solid lines in Fig. 3(e) . The parameters of best fit for the Si and PDMS structures were, respectively, determined to be a height of 115 ± 10 nm and 120 ± 5 nm, an angle of incidence of 13 • ± 1 • and 11 • ± 1 • , and a corner radius of 50 ± 15 nm and 40 ± 15 nm. A non-zero incidence angle was expected as the system was aligned to have as many visible diffraction spots on the CCD, and additionally an angle of >10 • is needed to generate the observed 11 diffractive orders. For comparison with the arbitrary units of the experimental data, the simulated 4th order diffractive intensity was normalised to the experimental value for the 320 nm linewidth. The linewidth trends fitted very well with experimental data with low χ 2 values of 0.3 ± 0.2 × 10 2 and 1.5 ± 0.8 × 10 2 for Si and PDMS, respectively.
The flexible PDMS replica of the master structure was moulded to the imprinting roller of a PTMTEC (PTMTEC Oy, 00740 Helsinki, Finland) roll-to-roll UV assisted nanoimprinting lithography (R2R UV-NIL) machine. A diagram showing the configuration of the R2R UV-NIL machine combined with the diffractometer can be seen in Fig. 4(a) . A flexible substrate is coated by gravure coating with a photo-curable resist (blue) and then moves forward to the imprinting unit, where it is pressed against the soft stamp (attached to the imprinting roller) and cured from the backside 
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APL Mater. 6, 058502 (2018) with UV light. After separation from the stamp, the substrate is successfully patterned (orange). The diffractometer is placed above the imprinting roller to inspect the stamp quality during the imprinting process. Logically any defects in the stamp will be transferred to the patterned film and so is a crucial place for inspection. Figure S2 of the supplementary material demonstrates the live operation of the in-line diffractometer installed in the R2R UV-NIL system. In this video, the PDMS stamp can be seen attached to the imprinting roller; the measurement head of the diffractometer is installed vertically above, and on the laptop, a live video output from the diffractometry CCD can be seen. When the stamp is rotated past the measurement head, the diffraction pattern can be seen to appear on the screen. Diffractograms were collected with an exposure time of 0.1 ms every 100 ms (frame-rate limited) and post-processed (as described for the static measurements). As a result of such inspection, the intensity of the 4th order diffraction peak and it's fitting error was extracted as a function of the displacement along the imprinting stamp as it is rotated around the roller [ Fig. 4(b) ]. Additionally, the rotation speed of the roller was altered from 1 to 3 m/min to test the device's capabilities as shown. The output intensities and their associated errors were inputted into the PDMS calibration curve [ Fig. 3(e) ] resulting in the measured linewidth along the stamp plotted in Fig. 4(b) . The same stepwise behavior was observed as for the static silicon master/PDMS stamp; however, the measurement exhibited larger fluctuations within the same grating area. Uncertainty analysis of the data in Fig. 4 (b) (shown in Fig. S3 of the supplementary material) reveals an average absolute precision of the R2R measurements of the linewidth to be 10 nm. The relative precision remained relatively constant between the static and R2R measurements [2/3% (Si/PDMS) and 2.5%, respectively] suggesting that there was negligible uncertainty added by vibrations when moving to the R2R system. Fluctuations in the laser intensity (Fig. S4 in the supplementary material) and uncertainty in the SEM measurements of the linewidth, combined, account for 2% of the uncertainty (1% and 1.5%, respectively). The remaining 2% uncertainty needed to match to the experimental precision is put down to the combined fluctuations of the structural height and an uneven surface (therefore changing the angle of incidence). For 1 and 2 m/min roller speed, the measured linewidths were accurate to the expected values from SEM measurements (within the 10 nm precision); however, for 3 m/min, the results on average deviated by up to 20 nm (two standard deviations) away from the expected linewidths.
In summary, an optical diffractometer capable of collecting diffractograms through an aspheric lens in a microscope configuration was demonstrated. This was used as a fast, in-line, and non-invasive method to measure changes in the linewidth of linear silicon gratings. These master structures were then replicated into a soft PDMS stamp, subsequently attached to a R2R UV NIL machine. Two dimensional FDFD simulations were performed and compared to the experimental data and were additionally used to measure the structure height and the angle of incidence in the experiment. The diffractometer was then installed above the rotating soft stamp in order to measure the linewidth of the PDMS stamp in-line to a precision of 10 nm. It is believed that the demonstrated live monitoring process combined with more compressive electromagnetic simulations with multiple diffraction peak analysis, multiple critical dimensions of the gratings can be directly extracted for real-time structural diffractometry.
See supplementary material for statistical outputs for the parametric fits for the χ 2 minimisation, a video of the diffractometer placed above the rotating PDMS stamp in the roll-to-roll system, uncertainty analysis, and laser stability measurements. Figure S1 -Histograms of the outputs generated from the χ 2 minimisation technique used to determine the structural parameters of the [(a)-(d)] Si master and [(e)-(h)] the PDMS stamp, where the fitting values were allowed to vary by up to 2 standard deviations. The parameters determined were height [(a)/(e)], the angle of incidence [(b)/(f)], and the corner radius of curvature [(c)/(g)]. It was seen that the height and angle of incidence was degenerated for Si for the given uncertainty of the measurement; however, the PDMS was for the most part singular within the accuracy of the model. [(d)/(h)] Plot the minimum χ 2 achieved for each fitting; Figure S2 -Supplementary multimedia figure demonstrating the integration of the diffractometer into the roll-to-roll UV-assisted nanoimprinting system. The optical setup is placed above the PDMS stamp roller to monitor the generated spatial diffraction pattern; Figure S3 -(a) the error bars from Fig. 4(b) (absolute precision) plotted with displacement along the rotating stamp and averaged
